Abstract -A model of the refractive index modulation produced during fibre Bragg grating fabrication, using the phase mask technique has been established, assuming a linear relationship between refractive index and the irradiated intensity. Results are compared to the imaged refractive index modulation of a Type I fibre Bragg grating produced in the core of an optical fibre.
I. INTRODUCTION
Fibre Bragg gratings (FBGs) have become one of the primary components in the fields of optical sensing and communications [1, 2] . One common process for fabricating FBGs is to focus a ultra-violet (UV) laser source through a 0 th order suppressed phase mask onto the fibre. The interference pattern formed by the phase mask in conjunction with UV light induces a refractive index modulation in the core of the fibre, referred to as a fibre Bragg grating [3] .
Analysis of grating formation using excimer laser irradiated phase masks revealed that the complexity of the intensity distribution varies with the properties of the phase mask [4] . In addition the diffraction properties of a phase mask have been measured and modeled in free space [5] , demonstrating that the Talbot diffraction pattern produced by the periodic phase mask extended out from the phase mask to fill the region of the fibre core during the grating fabrication process.
Recently a type I FBG, was imaged using differential interference contrast microscopy (DIC), fabricated using the phase mask technique [6] , revealing a detailed structure in the core of the fibre consistent with the formation of Talbot planes in the diffraction pattern behind the phase mask.
In this paper, a comparison of the nondestructive imaging of the refractive index variation within the core of a Type I FBG [6] , with a simulated DIC image of a FBG, using the known properties of the phase mask used to fabricate the FBG.
II. INTERFERENCE PATTERN FORMED BY A PHASE MASK
The interference pattern formed behind a phase mask can be evaluated using Fresnel-Kirchhoff diffraction theory [7] . Assuming that each diffracted component has the same phase origin, the interference of diffracted beams produces an electromagnetic field distribution [5] : For this investigation the intensity distribution was evaluated for a medium of refractive index n=1.469, equal to the refractive index of the core of the optical fibre. Here the x-direction denotes the direction of the incident UV beam (i.e. light propagating across the fibre), with the y-axis denoting the groove array direction, (i.e. along the fibre).
III. INTENSITY DISTRIBUTION IN THE IMAGE PLANE FOR A DIC

MICROSCOPE
In DIC microscopy incoming light is plane polarized and interference is achieved by splitting the polarized light into two components by a Wollaston prism. The two nearly parallel beams are focused to two spots separated by a distance known as the lateral shear, which transverse the sample. Any refractive index changes encountered by either beam will result in different optical paths between the beams. The two beams are then recombined by using a second Wollaston prism, and brought into the same plane by an analyzer.
Under coherent illumination the intensity distribution measured in a DIC image is governed by the magnitude of the convolution of the point spread function (PSF) of the optical system and the object phase function, f(x,y) [8]:
where (x 0 , y 0 ) and (x, y) are points in the object and image plane respectively, f con is the focal length of the condenser lens of the microscope, is the wavelength of the source, a 1
is the intensity of the source, and h(x,y) is the PSF defined below.
For two point wave-front division with the shear 2 x in the direction of x, the intensity at each point of the image may be written as:
The PSF is given by:
where (x,y) is a two-dimensional Dirac delta function, 2 is the phase displacement called the bias retardation, which is introduced by the Wollaston prism. When the two Wollaston prisms are perfectly aligned with one another, the bias introduced by the first Wollaston prism is cancelled out by the second. Therefore any phase differences are due to the specimen only. The amplitude ratio, R, is determined by the orientation of the polarizer and analyzer, and for crossed polars R is equal to 0.5 (yielding equal strength illumination beams), which is the optimum setting for imaging purely phase objects.
For the purposes of this work, to numerically investigate the FBG's intensity distribution in the image plane using the DIC method, the refractive index variation of the FBG is assumed to have a linear relationship to the modeled diffracted distribution intensity
IV. FBG FABRICATION PARAMETERS
The FBG imaged in [6] was fabricated using an UV continuous-wave frequency-doubled argon ion laser operating at an output power of 106 mW with a wavelength of 244 nm and a beam divergence of 1 mrad. The phase mask, manufactured by Lasiris, was designed to suppress the zeroth diffracted order, with specified contribution of less than 3% in the zeroth and 38% in the 1, diffracted orders.
In the absence of a fibre, the diffraction efficiencies were measured for the phase mask with period 1.059 m under 244 nm illumination, at normal incidence, shown in table 1, where 0.1% of the incident power was lost due to scattering. To ascertain the effect of the higher orders on the intensity distribution at the location of the fibre core, the spatial coherence at the phase mask was determined, and found to be 166 µm. The Talbot length (Z t ) and the range across the grating in which diffracted orders overlap coherently was calculated and is shown in tables 2 and 3. Table 4 . Calculated N-order grating period [3] Order Grating period ( m) 1 0.529
In this analysis, it was assumed that the fibre was placed 100 m away from the phase mask. Under such conditions and using table 3, the diffracted orders considered for this investigation includes those up to 2.
V. IMAGING SYSTEM PARAMETERS
The DIC image of the FBG in ref [6] , was imaged using an inverted Olympus IX FL infinity-corrected optical system, in conjunction with an argon-ion laser operating on a single line at 488-nm wavelength, where the laser beam was raster scanned by galvo mirrors over an area of the specimen. The lateral shear of the system was approximately 0.5 m, with a bias retardation set to /4.
To evaluate the PSF of the system, the laser beam was considered to have a Gaussian profile, including the blurring effects of the finite aperture of the objective lens. Under these conditions and using (4) the DIC PSF was evaluated and shown in figure 1. 
The dimensions of the images in figure 1 are approximately 101 101 pixels, covering 2.02 m m 2.02 m m. In these images, black represents the minimum negative value, while white represents the maximum positive value, where the direction of the shear is along 135-degree angle. The separation between the positive and negative peaks of Re{h(x,y)} is approximately equal to the lateral shear.
V. RESULTS
Appling the measured relative diffraction efficiencies to (1), the intensity distribution was simulated to replicate the intensity distribution produced in an optical fibre using the phase mask technique. The phase projection assuming circular cross section was then calculated and convolved with the calculated PSF to model the intensity distribution produced in the image plane of a DIC microscope.
Comparison of the measured DIC image of a FBG obtained by [6] and the calculated image is shown in figure 2 .
To simulate the results found in [6] , a 9 m core diameter was used, with a core and cladding refractive index of 1.469 and 1.464 respectively.
Using couple-mode theory the authors of [6] calculated an amplitude refractive index modulation equal to 1.7 × 10 -4 , however in the work presented here a value of 10 × 10 -4 was required to simulate an image with similar contrast to the measured one. The discrepancy in these two values arises since couple-mode theory assumes planes of uniform sinusoidal refractive index variation along the axis of the fibre sharply reduced at each end of the fibre core. It is evident from the measured DIC images in figure 2 that the variation along the axis of the fibre is not uniformly sinusoidal. Additionally couple mode theory assumes a uniform profile across the fibre core.
The periodicity in the simulated DIC image was evaluated across and along the fibre core for various positions. A periodicity of 4.53 0.13 m was found across the fibre core. This value was in agreement with the value of 4.8 0.2 m calculated in [6] . Along the fibre core a dual periodicity of 1.046 0.02 m and 0.535 0.02 m was found, which was found to agree with the results found in [6] and with the results shown in table 4.
VII. CONCLUSION A direct relationship between the irradiated intensity during FBG fabrication and the refractive index distribution produced in the fibre core has been established in this work. The simulation reveals that the complex structure within the fibre core is due to the effects of higher orders of the phase mask, consistent with the image using DIC microscopy [6] . The strongest characteristics of the image have been determined as resulting from the beating between the 1 st and 2 nd diffraction orders of the phase mask.
